Introduction
In recent years, electron storage ring designers have become aware of the problems caused by the interaction of short, high current bunches with their environment. Important effects are: (1) energy loss can cause local overheating of chamber components; (2) additional RF power is required due to overall energy loss; (3) the increased energy spread requires increased aperture; (4) destructive instabilities could occur. In the following work, anomalous bunch lengthening and energy spread, the spectroscopy of longitudinal modes and the shift of synchronous phase have been simultaneously measured in order to study the dynamics of the interaction. From the data obtained at SPEAR II one is led to a model of coupling impedance which should be useful in the design of any electron ring.
Instrumentation, Method of Data Aquisition and Measurement Errors Bunch Lengthening
Visible synchrotron light is brought out through the ring shielding and is focused on a high speed photodiode (ITL HSD5 0), directly coupled to the sampling head (hp -18 70A) of an oscilloscope (hp -1815A), which is triggered by a delayed beam-derived signal. The output is read by a digital signal averager which permits measurement of signals otherwise below the noise level. Signals from single bunches as low as 0. 2 mA in average current can thus be measured. The entire system is checked for linearity by placing optical filters in front of the diode. Time calibration is obtained by axially displacing the diode a known distance. A simple physical model of the diode response function yields a second moment cT=60 ps ± 10%, consistent with the value derived from the data. Bunch traces are recorded on an X-Y plotter; the FWHM is measured by hand and corrected for the diode response to obtain az. As in SPEAR I, 1 the bunch shapes show marked asymmetry, which leads one to consider analyzing the higher moments of the bunches via more elaborate techniques. However, these measures are meaningful only if the data is free from equipment-caused distortions, e.g., ringing and base line shift. It may be possible in the future, after a direct measurement of the impulse response of the apparatus, to obtain more accurate bunch shapes by deconvolution. The In Fig. 1 Using these results, and equating az to the natural unperturbed bunch length 0uz0, threshold can be predicted for any set of machine parameters: For SPEAR H, Ith = 13. 5 E (GeV) 2. 32VO 68, The observed thresholds fit this formula within a 10%o error. See Fig. 2(b) .
Notice that the previously used scaling law, 9 a oc I1/3 assumes a Z (w)cco dependence (a=4l). This is, however, not a bad assumption for very long bunches where Fourier components cut off around 0. 5 GHz, as in SPEAR I. 1 More can be understood about the coupling impedance responsible for the instabilities by looking at the mode behavior displayed on Fig. 1(h, i) . Following Ref. 12, we define the normal mode particle densities pm(z) (m=1: dipole, m=2: quadrupole, etc.) and their Fourier transforms -m(w). The driving term of the instability is proportional to an integral over X involving products of Z (co) and Pm(w). 12, 13 In the case of Fig. 1 (h) near threshold, P has its maximum at 4. 2 GHz (z = 1. 7 cm), and in this region one finds Zc W-0. 68. At high current, the bunch has lengthened (a =6. 6 cm) and '2 now has its maximum at 1 GHz, whereas modes 3 and 5 peak at 1. 25 and 1. 6 GHz, respectively. These considerations, together with the behavior of modes as displayed in Fig. 1(h) , suggest that Z (co) has a maximum around 1. 3 GHz and drops abruptly at lower frequencies, as sketched on Fig. 3 . A similar curve has been measured at the CERN PS for the transverse coupling impedance. Conclusions Through simultaneous measurements of five separate aspects of bunch behavior in SPEAR II, a quantitative selfconsistent picture begins to emerge. The vacuum chamber structure of the ring presents a broadband longitudinal impedance to the beam which rises as a function of frequency, attains a maximum around 1. 3 GHz and then falls off as -0.68. Such an impedance is not unlike that expected for a series of low Q cavity resonators with beam ports. This impedance drives longitudinal instabilities that have thresholds and that stabilize themselves through bunch lengthening.
Although the details of mode excitation are complex, it is possible to characterize bunch lengthening and broadening in such a regime by a simple scaling parameter. Finally, measurements of the bunch tails show that anomalous energy spread must be considered in the design of the apertures of future machines. 
